This paper presents tower surge response calculations on an actual transmission tower including ground wires and phase wires. A frequency-domain partial element equivalent circuit (PEEC) method is applied as a simulation tool. Insulator voltages calculated by the voltage difference of crossarms and phase wires are compared with experimental results collected from the literature. In addition, a transmission line (TL) model is adopted with the PEEC method to increase efficiency for transient surge calculation. The results calculated by the PEEC method with and without the TL model agree well with the experimental results not only for amplitudes but also for waveshapes.
Introduction
Direct and indirect lightning strikes to transmission and distribution systems are ones of the main causes of power transmission and distribution system failures. An accurate calculation of a surge over-voltage due to the lightning is necessary for an economical insulation design of the transmission and distribution systems.
There are representative methods for evaluating lightning surge behavior as follows; 1) Experimental measurement on reduced-scale and simplified models [1] , and full-scale and actual models [2] ; 2) A circuit and transmission line theory assuming simplified geometry [3] - [5] ; 3) Numerical electromagnetic approaches [6] - [8] ; and 4) Hybrid method [9] - [11] .
In an experimental measurement, a step like current is injected by using a pulse generator through a current lead wire to the top of a tower. To measure voltages on the top of a tower and across an insulator, a voltage reference wire, and a voltage divider or a voltage probe are required. Inherently, a current lead wire, the voltage reference wire, and the impedance of the voltage divider or the voltage probe affect measured voltage [9] , [10] . It means that some results of an experiment cannot show actual phenomena during a lightning strike to a tower in the real system.
In the circuit and transmission line approach such as the EMTP, a tower is represented as a vertical multi-conductor and several models for estimating the surge impedance of the vertical conductor were proposed for computation of a transient voltage.
The assumption of the TEM mode propagation might not be correct for the tower, because the electromagnetic field around a tower and a pole, when struck by lightning, changes dynamically during several round-trips of a traveling wave in the tower or the pole.
To obtain an accurate result, an approach of numerical electromagnetic analysis (NEA) method such as the method of moment (MoM) [6] and the finite-difference dimedomain (FDTD) method [7] , [8] , and a hybrid electromagnetic-circuit method such as the partial element equivalent circuit (PEEC) method [9] - [11] are more appropriate than a circuit and transmission line approach.
The MoM and the FDTD method are quite time consuming. In the FDTD method, a large calculation domain is necessary including a grounding system, a current lead wire and a voltage reference wire which is normally perpendicular to a grounding system. However, a voltage reference wire and a current lead wire affect voltages and currents due to electromagnetic coupling among them and other objects in the calculated domain. In the MoM and the FDTD method, an accurate result of a transient voltage requires integration of electric field. Therefore, the MoM and the FDTD method is not computational time efficient method in comparison with the PEEC method.
As is well known, a transmission line approach assuming TEM mode propagation is still effective for a horizontal conductor close to a ground plane, because an electric field along the line is not significant. For the PEEC method transforms the mixed potential integral equation (MPIE) to a circuit domain, circuit elements and also transmission lines can be implemented readily with the method. Fortunately, in the case of a lightning surge analysis in an electrical power system, most of elements can be represented as horizontal wires above the ground plane. Therefore, adopting the transmission line model with the PEEC method is an effective way to increase the efficiency.
The aim of this paper is to propose another efficient choice of NEA methods for analysis of a tower surge response.
The PEEC Method Incorporating with a Transmission Line Model
The PEEC method [12] is derived from MPIE and provides a full wave solution. The first advantage of this method is that it can incorporate electrical components based on a circuit theory, such as RLC elements, transmission lines, cables, transformers, switches, and so on. The second is that the composition matrix in this method depends on the configuration of a considered system and a medium, and does not depend on the sources in the frequency domain. The third is that a potential on a conductor is calculated directly from a node potential on a potential element. Therefore, post processing for calculating potentials and currents is not required.
Procedures for obtaining solution of the PEEC method as shown in Fig. 1 start from discretizing geometry structure into small elements which are composed of current elements and charge or potential elements. The current elements and potential elements are interleaved each other. The rectangular pulse is employed both charge and current basis functions. Then, Galerkin's method is applied to enforce the mixed potential integral equation which is interpreted as Kirchhoff's voltage law applied to a current element, and the continuity equation or the charge conservation equation is applied via Kirchhoff's current law to a potential element. Whole system equations in the frequency domain can be written in a matrix form corresponding to a modified nodal analysis formulation as shown in (1) .
where A is an incident matrix which expresses the element connectivity, R is a matrix of series resistances of current elements, L is a matrix of partial inductances of current elements including the retardation effect, P is a matrix of partial potential coefficients of potential elements including the retardation effect,  is a vector of potentials on potential elements, I is a vector of currents along current elements, U S is a vector of voltage sources, I S is a vector of external current sources, and Y a is an additional admittance matrix of linear and non-linear elements.
The equivalent circuit is extracted from threedimensional geometries of a considered structure. An appropriate solver is employed to obtain solution either in the time domain or in the frequency domain. The detail of derivation and formulation of a PEEC method for a thin wire structure is found in Appendix.
Fig. 1. Procedures in the simulation of PEEC models.
Formulation of a multi-transmission line in the frequency domain as multi-port network as illustrated in Fig. 2 is given as the following; 
where V s , V r , I s , and I r are vectors of voltages and currents at sending ends and receiving ends, respectively. , Z, Y, and Z c are a propagation matrix, a series impedance matrix per unit length, a shunt admittance matrix per unit length, and a characteristic impedance, respectively. The impedance matrix on the right hand side of (2) can be seen as an inversion matrix of the additional admittance (Y a ). Therefore, the transmission line model can be combined with the PEEC method by adding Y a on the matrix on the left hand side of (1).
Calculation of Tower Surge Response
In this section, an actual transmission tower was selected as a test case. The PEEC method is applied to determine the voltages across insulators of a 500-kV double-circuit transmission line. The calculated results with and without adopting a transmission line (TL) model are compared with experimental results reported by Ishii et al. [2] . In the actual tower case, the tower is composed of slant elements and cross arms including overhead ground wires and phase wires. The configuration of the experiment on an actual system of a 500 kV double circuit transmission line is illustrated in Fig. 3 (a). The experiment system is composed of three towers with separation distances 450 m and 560 m between towers, two overhead ground wires, and six phase wires. The injected current is applied at the middle tower. To measure the insulator voltages, two current waveforms with about 0. There is no current lead wire and voltage reference wire in the simulation. Note that the PEEC method interprets the MPIE to the circuit domain, the current and voltage sources can be connected directly to voltage nodes. For incurporation of the transmission line model with the PEEC method in the frequency domain, eight lossless lines are considered. A perfectly conducting earth is assumed for the transmission line. Towers and some parts of the transmission line close to the tower are modeled by the PEEC method for taking into account the retardation of electromagnetic fields around the tower. The total number of elements without adopting the TL model is 2488 and the total number of elements with adopting the transmission line model is reduced to 604 including some parts of two transmission lines with eight conductors, i.e. six phase wire and two ground wires around the towers.
Figs. 4 and 5 show comparison between experimental results [2]
and PEEC-simulated waveforms. There are two options of the PEEC simulations. One is calculated by the PEEC method without the TL model and the other is calculated by the PEEC method with the TL model. Good agreements are observed among the simulated and the experimental results. In all cases, it is observed that the computation time carried out by the PEEC method with the TL model is less than 10% of the computation time carried out by the PEEC method without the TL model.
Conclusion
This paper presents the PEEC simulation for calculations of a tower surge response. The transmission line model is adopted with the PEEC method to increase efficiency for transient surge calculation. The calculated results closely reproduces a corresponding field-test results, and this confirms that the accuracy of the PEEC method, when applied to lightning over-voltage studies, is fairly high.
The PEEC method is another efficient choice to the NEA for analysis of lightning surges in power systems.
Appendix
The theoretical derivation of the PEEC method for thin wire structure starts from considering on a total electric field on the thin wire. Currents and charge densities are assumed to be distributed along the contour of wire axis ( ) r ( C  ). The boundary condition on the surface of the thin wire as illustrated in Fig. A1 is that the total tangential electric field shall be as; 
where s  is a unit tangential vector along )
unit tangential vector on the wire surface, the i E  is the incident electric field and s E  is the scattered electric field which represents the reaction of the wire to an incident field corresponding to (A1). Fig. A-1 . Problem geometry. The scattered field is calculated by volume current densities and volume charge densities which can be expressed in terms of a magnetic potential vector 
where ds' is a small distance along
and  in (A3) is the propagation constant of the considered medium.
The time dependence of the variables in the frequency domain is exp(jt). , ,  and  are conductivity, permittivity, and permeability of the medium and the angular frequency, respectively.
Substituting (A2) into (A1), (A4) is obtained:
where  l is length conductivity of a conductor. Eqaution (4) is called the mixed potential integral equation.
As illustrated in Fig. A2 , the conductors in the media are segmented into two groups. The first group in Fig. A2 a) has N elements and the second group in Fig. A2 b) has M elements. The elements in two groups are interleaved each other. The configurations of elements in the first group and the second group are used to calculate series impedances and shunt admittances, respectively. From (A4), an element m with length L m for nodes k and l in the first group is considered.
Rearranging and integrating (A4) along the segment m from a point k to a point l, yields 
The first term on the right hand side in (A5) can be expressed as follows
(A6-2)
The current along each small element is assumed to be constant. Also, the propagation times between any point on the element n and any other point on the element m are assumed to be identical. (A6-2) can be derived from (A6-1).
The second and the third terms represent resistance and an additional voltage source of the element.
The different voltages on both ends of each element are calculated by (A5) and (A6).
Consider the element of which center is at node k in the second group as shown in Fig. A2 b) . Assuming a constant charge density along the element and conservation of charge, the charge density can be calculated by (A7):
where L i is total length of element k.
The average potential along the element at node k can be calculated by (A8):
where  lk is the potential difference between both ends (k and l) of the element m, and  k is an average voltage of the node k. l m is a local distance along element m employed for integration of (A6) and (A7). Subscript m and n indicate elements m and n in the first group, respectively, and subscript k and i corresponds elements k and i in the second group, respectively. R is the distance between the element m and element n and cos is a cosine function of an angle between the element m and n corresponding to Fig. A2 . From those formulations, an element can be represented in the form of an equivalent circuit as illustrated in Fig. A3 . The series impedance (R ij and L ij ) and the voltage source (V jj ) are derived from (A5) and (A6). The shunt admittance (G i , G j , C i , and C j ) and the current sources (I i and I j ) are derived from (A8). Equations (A6) and (A8) apply to all element. The coupling effects among elements and the propagation effects are included in this method. The potential difference and the potential average of the elements are written in forms of matrices which are composed by node potentials (potentials at the ends of an element), the conduction currents along conductors, the transverse currents and incident electric fields. The voltage of each node can be calculated from the equations employing nodal analysis approaches in the frequency domain at each frequency through the considered frequency range. The frequency step in the PEEC method depends on the maximum considering time and the frequency range depends on the circuit condition. The length of a small element shall be much smaller than the minimum wavelength which is inversely proportional to the maximum frequency of interest.
The ground effect can be taken into account by employing the image methods. From applying the modified inverse fast Fourier transform [13] , all quantities in the time domain are found. The accuracy of this method is dependent on element length and the number of frequencies to be used.
